Abstract: This paper is concerned with the on-line health monitoring and damage assessment for structural and mechanical systems which are often used to model the dynamics of flexible space structures and civil infrastructure systems. It is assumed that damages result in the reduction of structural stiffness and it is desired to identify these damages on-line. An adaptive detection/diagnostic observer is proposed in order to detect the occurrence of failures and diagnose their nature and magnitude. Fault isolation estimators are then activated in order to provide information on the failure status and allow the controller to switch to a new signal that is appropriate for the system with a given failure mode. Both the full state and partial state cases are considered for the design of first a fault tolerant controller and then of a fault accommodating controller using LMI's.
INTRODUCTION
In this paper, we extend the results in (Zhang et al., 2000) by designing a fault isolation decision scheme for mechanical systems. The proposed scheme consists of a fault detection and diagnosis estimator along with a bank of isolation filters. The novelty here is that the proposed filters are written in a vector second order form, which is the natural form that mechanical systems are expressed. The benefit for this, as was pointed out in (Balas, 1999) , is that the derivative of the estimated position component is the estimated velocity component. An additional advantage of the natural form of these filters is that a certain condition of positive realness required when the system and its filters are written in first order form, is no longer required. Another contribution of the proposed scheme is that is utilizes LMI's to design both a fault-tolerant and a fault-accommodating controllers. The former results in a global controller that is robust with respect to all possible failure scenarios whereas the latter provides a fault-specific controller for each failure mode.
PLANT AND FAILURE MODELING
The healthy system under consideration is described by the n degree-of-freedom system (vector second order)
and accounts for the case of no prior failures, where M = M T > 0 is the n × n mass matrix, K = K T > 0 the n × n stiffness matrix, D = D T (i.e. consider nongyroscopic systems, (Skelton, 1988) ) the n × n damping matrix, and B 0 is the n× control influence matrix.
Here it is assumed that actuators are available. The smooth vector field η 0 : R n × R n → R n represents unstructured modeling uncertainties and it is assumed that each component
It is further assumed that failures occur at unanticipated time instance T f . Thus the system with failure incorporated in equation (1) may be described by
where β (t − T f ) is the time profile of the failure (Polycarpou and Helmicki, 1995) and is given by
for abrupt failures (e.g. earthquake), or by
for incipient failures (Demetriou and Polycarpou, 1998 ) (e.g. wind loading, wear, corrosion). The damaged system is assumed to have a change in the stiffness matrix K → K − β (t − T f )δ K, with δ K denoting the stiffness change (reduction). Following the model in (Hassiotis, 1999) , it is assumed that
where
• m denotes the number of elements of the n degree-of-freedom structure, • θ j denotes the proportional change in the stiffness of element j (i.e. element in this case means floor), • K j denotes the contribution of the j th element to the total stiffness matrix of the structure.
The objective of the adaptive detection and approximation estimator (adaptive detection/diagnostic observer) is to monitor (on-line) the system using input and output signals in order to estimate the change in the stiffness δ K, detect the time occurrence T f of the failure, and in the event that the failure already occurred, find the extent of the damage. Fault isolation filters are then used to isolate the specific faults in the system and provide important information to the controller. This is necessary in order to switch to a new controller that is optimal for the system describing the dynamics of the new failure mode.
FULL STATE INFORMATION
The system in (3) has θ j = 0, j = 1, 2, . . . , m, prior to failure and using (4), θ j ∈ [0, θ j ) after the failure. The stiffness matrix of the healthy system (1) is K = ∑ m j=1 k j K j , where k j = θ j , j = 1, . . . , m. In view of the above, the total stiffness matrix in (3) may also be written as
Fault tolerant controller
One approach is to use a controller that is robust with respect to plant variations. The system in (3) may be viewed as a Linear Parameter Varying (LPV) system in the general forṁ
and
Using established results on convex optimization, there exists a polytopic LPV controller that guarantees a quadratic H ∞ performance γ over all possible parameter trajectories θ (t) in the polytope Θ iff there exists a global fault tolerant feedback gain F 0 and matrix P > 0 satisfying the following LMI's
at all the vertices of the polytope (Boyd et al., 1994; Skelton et al., 1998) . More generally, when a controlled output of the form z = C 1 x + D 12 u, is given, then the above LMI's become     
with Y 0 = F 0 P. In the above, the state matrices A i , i = 0, 1, 2, . . . , 2 m − 1 are given by
with each θ j taking values at all the vertices of the parameter box ∏ j [0, θ j ). The conservative control law u = F 0 x provides robustness with respect to plant parameter variations which are the stiffness fault parameters θ j . In order to improve performance, a modespecific fault accommodating gain must be utilized instead. To do so, a monitoring scheme is warranted in order to provide information to the controller on the status of the current failure mode and allow the controller to switch (reconfigure) to the appropriate control signal that is the accommodating signal for the corresponding failure mode.
Adaptive fault detection and isolation
For the vector second order system under monitoring, natural observers will be utilized for both fault detection and isolation. The following adaptive detection/diagnostic observer will serve as a Fault Detection and Approximation Estimator (FDAE) (Zhang et al., 2000 )
along with the following learning algorithm of the fault approximatoṙ
with e 0 = ξ − ξ 0 the state estimation error, where the projection operator (Ioannou and Sun, 1995) P [0,θ j ] { · } restricts the parameter estimator to the compact and convex interval [0, θ j ], λ j > 0 is a positive learning rate (adaptive gain) and the dead-zone operator is defined as
The dead-zone operator (Ioannou and Sun, 1995) prevents adaptation of the estimates θ 0 when every estimation velocity error componentė 0 j is within its bound [ė 0 ] j . The use of time varying thresholds has been introduced in (Zhang et al., 2000) and allows the monitoring scheme to avoid false alarms. An alternative adaptation law to (8), as was developed for vector second order systems in (Demetriou and Polycarpou, 2001 ) is given bẏ
where the gain ν satisfies
, (10) with D = D + G v , K = K + G p and λ l , λ s denote the largest and smallest eigenvalues of a matrix. In this case, the bound in the dead zone now becomes
The above detection observer is consistent with the natural observer proposed by (Balas, 1999) for general vector second order systems where the states of the observer are the physical estimates of the position and velocity vectors. This was utilized in a fault detection scheme of vector second order systems with actuator failures in (Demetriou and Polycarpou, 2001) .
Once a fault is detected, the isolation scheme is activated. The 2 m − 2 isolation filters which serve as Fault Isolation Estimators (FIE) are given by
k = 1, 2, . . . , 2 m − 2. Each isolation filter corresponds to one of the 2 m − 2 possible failure modes, and the corresponding adaptation laws are similarly given bẏ
Following a similar treatment of earlier work in (Zhang et al. 2000) , the learning algorithm associated with the isolation filters is not required to employ a dead-zone operator since the FIE filters are activated after the fault detection.
Both the detection/diagnostic observer and the 2 m − 2 isolation filters require the position and velocity filter gains, G p and G v , respectively. These gains are chosen so that the quadratic pencil
will have the desired eigenspectrum. In the above it was implicitly assumed that the matrices D and K are symmetric.
Automated fault accommodation
Under normal operating conditions, only the FDAE is active and monitors the system. Once this estimator detects a fault in the system, the bank of FIE's become active. The FDAE itself, then changes its mode and begins to approximate the fault. The bank of FIE's serve to provide information on the status of the stiffness changes. In order to improve performance of the closed loop system, the on-line monitoring scheme will provide information to the controller in order to switch to the feedback gain that corresponds to the failed system. This then requires the solution of 2 m − 2 LMI's, one for each failure scenario, excluding the healthy system (θ j ≡ 0) and the completely destroyed system (i.e. K ≡ 0, θ j = θ j ). The LMI's required are now given by
with Y i = F i P. Once the ith failure scenario is confirmed by the isolation filters, then the controller is switched from the fault tolerant (global) controller u = F 0 x, to the fault accommodating (fault-specific) controller u = F i x, i = 1, 2, . . . , 2 m − 2. Following a similar treatment in (Demetriou, 2001) , the controller is then given by
where p = 2 m − 2 and each ε i denotes the estimate of the failure mode status indicator and is equal to 0 if the ith failure mode is present and 1 otherwise.
PARTIAL STATE INFORMATION
We now extend the above results to the case of partial state measurements. For measurements of mechanical systems, both position and velocity sensors are considered and thus (14) with C p ,C v some p × n and v × n matrices to be chosen in accordance to the proposed detection/diagnostic observer. This allows one to place the sensors with respect to a fault detection measure as will be shown in the sequel.
Fault tolerant controller
The LPV system (5) is re-written again to include uncertainties in the measured outpuṫ
The fault tolerant LPV controller that corresponds to the above system is given bẏ
The closed loop system is given by the polytopic systemẊ
where X = x x and the vertex matrices are given by
Using similar treatment as in (Abdalla et al., 2001 ; Ohara et al., 2001) , the H ∞ norm from w to z of the closed loop system is less than γ iff (i.e. application of bounded real lemma) the following LMI's hold for all i   
Remark 1. One may design a common estimator gain in a similar fashion as in the common state feedback gain. In this case, the LPV controller may be given bẏ
where the global observer gain L 0 = S −1 C 2 is found by solving the LMI's   
Adaptive fault detection and isolation
The proposed detection/diagnostic observer considers the system in vector second order form which avoids the additional condition of positive realness of a certain transfer function, by taking advantage of the algebraic structure that vector second order systems enjoy.
It is assumed that the damage due to the stiffness change may be expressed as
for some constant p × p matrices W j . This assumption allows one to remove the condition of strict positive realness of the system as required in the first order formulation (Demetriou and Polycarpou, 2001) . In this case, additional conditions on the observer gains are imposed. The detection/diagnostic observer (FDAE) is now
where the observer matrix gains are L p and L v . In order to implement a realizable adaptation, it is required that C pė 0 = C vė 0 ; thus we have that C v ≡ C p . In a parallel fashion to (9), this then leads to the adaptatioṅ
, then in a similar fashion as in (7) for the full state case, the corresponding adaptation rule iṡ
The corresponding isolation filters (FIE) are given by
and their adaptation laws bẏ
While the setting given by (3) provides a direct link to the physical system (i.e. 2 nd order mechanical system), it imposes stringent conditions on the algebraic structure of the observer matrices L p , L v and the output matrix C 2 . If one has the freedom to choose the output matrices C p and C v , then condition (20) 
The above results are summarized in the following hypotheses and theorem.
Hypothesis 2. Assume the output matrix is given by
i.e. both position and velocity sensors are collocated, with C p a constant p × n matrix to be chosen below.
Hypothesis 3. Assume that the term due to stiffness change is given by
Theorem 4. Assume that Hypotheses 2 and 3 hold. Given the model of the structural system in vector 2nd order form expressed by combining the above equations
then the corresponding adaptive detection/diagnostic observer (FDAE) (21) along with the failure on-line approximator given by (22) guarantees that prior to the failure occurrence the signals θ 0 j (t), e 0 (t),ė 0 (t) ≡ 0 and after the failure attain nonzero values with e 0 ,ė 0 ,˙ θ 0 → 0 as T < t → ∞ and θ 0 ∈ L ∞ (T, ∞; R m ). Furthermore, if one has persistence of excitation, then θ 0 (t) → θ , i.e. fault diagnosis. Finally, if the jth fault occurs, the jth FIE in (24) will have its output estimation error bounded by small threshold and therefore signal (isolate) the jth fault.
Only highlights of the proof of Theorem 4 are given in Appendix A due to space limitations. Portion of the arguments follows from already established results in (Zhang et al., 2000) .
Automated fault accommodation
In the event that a controller is desired to maintain a certain level of performance in the presence of noncatastrophic failures, it is possible to utilize the online approximators of the failure terms, i.e. use the estimate δ K(t) = ∑ m j=1 θ j K j , to reconfigure the control signal. This is a rather straightforward application of the results in (Demetriou and Polycarpou, 1998) . For the second order observers, one has to make additional assumptions in order to provide a reconfigurable control policy that can minimize the effects of the failure on closed loop performance. In this case, one assumes that there exists matrices V i , i = 1, . . . , m such that
If the parameters θ j were known, then u(t) = u h (t) − ∑ j=1 θ j (t) B 0 V j −C p W j y p (t) = B 0 u h + η 0 , with u h being the robust control policy for the healthy system (1). Since θ j are not known, the control reconfiguration is then given by u(t) = u h (t) − ∑ m j=1 θ j (t)V j y p (t). In the event that condition (26) cannot be satisfied, then fault accommodating controllers must be implemented. In this case one must solve the following LMI's   
where C i = C 1 D 12 F i and
If the above 2 m − 1 LMI's are feasible, then the controller for the ith fault mode is given by
In a similar fashion as in the full state feedback case in (13), the fault accommodating controller is given by
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